Abstract. Gabexate mesilate (GM), a serine protease inhibitor, often causes severe vascular injury, when injected in high concentration. In the present study, we investigated the mechanisms for the cytotoxicity of GM on porcine aorta endothelial cells (PAECs). GM (0.5 -5.0 mM) decreased cell viability in a dose-dependent manner and caused cell injury, whilst nafamostat mesilate (NM), another serine protease inhibitor, or mesilate itself had no effect on cell viability. zVAD-fmk, a pancaspase inhibitor, or zDEVD-fmk, a caspase-3 inhibitor, did not affect the GM (1.5 mM)-induced decrease of cell viability. Apoptotic cells or DNA fragmentation were also not observed after GM treatment. Moreover, Ca 2+ chelators, a nitric oxide (NO) synthase inhibitor, antioxidants, and radical scavengers had no effect on the GM-induced cell injury. On the other hand, cellular ATP content was decreased in the GM (2.0 mM)-treated cells. Surprisingly, GM (2.0 mM) immediately increased cellular uptake of propidium iodine. These findings suggest that GM induces necrotic cell death via injury of the cell membrane.
Introduction
Gabexate mesilate (GM), a synthetic inhibitor of trypsin-like serine proteases, reversibly inhibits the activities of a number of enzymes, including trypsin, thrombin, kallikrein, and plasmin; and it is widely used for the treatment of disseminated intravascular coagulation and acute pancreatitis (1 -3) . However, the intravenous injection of GM often causes vascular related adverse reactions such as local pain, phlebitis, and edema. When the symptoms are severe, surgery such as debridement or skin grafting is carried out (4) . GM has also been reported to cause vascular injury in rabbit ear veins (5) . On the other hand, nafamostat mesilate (NM) causes little vascular injury although its inhibitory activity for proteases is about 100 times as strong as that of GM (6, 7) .
Since vascular endothelial cells are first exposed to drugs administered intravascularly, the endothelial cell dysfunction may contribute to vascular disorders (8) . However, the effect of GM on endothelial cells has not been studied. Accordingly, we investigated the effect of GM on cell viability in porcine aorta endothelial cells (PAECs) and the involvement of apoptosis in the GMinduced cell injury. We also examined the involvement of oxidative stress, nitric oxide (NO), and Ca 2+ overloading in the GM-induced cell injury. Furthermore, we investigated the effect of GM on cellular ATP content and cellular uptake of propidium iodine (PI).
Materials and Methods

Drugs
GM, mesilate (methanesulfonic acid), L-ascorbic acid, and N,N'-dimethylthiourea (DMTU) were obtained from Wako Pure Chemicals, Inc. (Osaka). NM was kindly donated by Torii Pharmaceutical Co., Ltd. (Tokyo). Actinomycin D was obtained from a commercially available source (Cosmegen ® ; Banyu Pharmaceutical, Co., Ltd., Tokyo). zVAD-fmk and zDEVD-fmk were purchased from Calbiochem (San Diego, CA, USA). EGTA, 1,2-bis(o-aminophenoxy)ethane-N,N,N',N'-tetraacetic acid (BAPTA-AM), N G -nitro-L-arginine methyl ester hydrochloride (L-NAME), D-mannitol, and edarabon was purchased from Sigma (St. Louis, MO, USA). GM, NM, mesilate, actinomycin D, EGTA, L-NAME, ascorbic acid, edarabon, mannitol, and DMTU were dissolved in distilled water. zVAD-fmk, zDEVD-fmk, BAPTA-AM, and α-tocopherol were dissolved in dimetyl sulfoxide.
Culture of porcine aorta endothelial cells (PAECs)
Porcine thoracic aortae were provided from the local slaughterhouse. Endothelial cells were gently scraped off with a razor blade and cultured in Dulbecco's modified Eagle's medium (DMEM) (MP Biomedicals, Inc., Irvine, CA, USA) supplemented with 10% fetal bovine serum (FBS), 100 U / mL penicillin, 100 µg / mL streptomycin, and 250 mg / mL amphotericin B (GIBCO BRL, Grand Island, NY, USA) at 37°C in humidified air containing 5% CO 2 . The culture medium was changed three times a week until confluence. The cells were detached with 0.25% trypsin-ethylenediaminetetraacetic acid (GIBCO BRL) and subcultured to provide cells for the morphological and biochemical experiments.
Cell viability
The viability of endothelial cells was assessed by the mitochondrial activity in reducing WST-8 [[2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium] monosodium salt] (Cell Counting Kit-8; Dojindo Laboratory, Kumamoto), as described previously (9) . PAECs were seeded in 24-well plates (Nalge Nunc International, Rochester, NY, USA) and grown to subconfluence. After treatment with GM, cells were washed with phosphate-buffered saline and then incubated with WST-8 assay solution for 1 h at 37°C in humidified air supplemented with 5% CO 2 . The incubation medium was carefully withdrawn and transferred to 96-well flat-bottom plastic plates (Corning, Inc., Corning, NY, USA). The amount of formed formazan dye was measured at an O.D. of 450-nm test wavelength and 620-nm reference wavelength with a microplate reader (Immuno-mini NJ-2300; Inter Medical, Tokyo).
Terminal deoxynucleotidyl transferase (TdT)-mediated fluorescein-deoxyuridinetriphosphate (dUTP) nick-end labeling (TUNEL) stain
The GM-treated cells were washed with phosphatebuffered saline and fixed for 25 min at 4°C with 4% (w / v) paraformaldehyde in phosphate-buffered saline. Cells were permeabilized with 0.2% Triton X-100. The cells were stained for apoptotic cells using the TUNEL technique (Dead End TM Fluorometric TUNEL System; Promega Corporation, Madison, WI, USA) according to the manufacturer's instructions. TUNEL-positive cells (green) were visualized using a fluorescence microscope (BX51; Olympus, Tokyo).
DNA electrophoresis
Cells were cultured in 25-cm 2 flasks (Nalge Nunc International) and then exposed to GM for 24 h. The cells were collected and washed twice with phosphatebuffered saline. DNA was extracted by using the Apoptosis Ladder Detection Kit (Wako Pure Chemicals). The extracted DNA was applied to 2% agarose gel electrophoresis and visualized with ethidium bromide.
Trypan blue exclusion assay
Cells were cultured on 8-chamber slides (IWAKI, Tokyo) and then incubated with 1.5 mM GM for 24 h. After washing, cells were incubated with 0.3% trypan blue dye (GIBCO BRL) for 1 min. The trypan stained cells were visualized using an optical microscope (BX51).
Measurement of cellular ATP content
The cells were seeded on 12-well plates (Nalge Nunc International), and they were treated with 0.5 -2 mM GM. After washing, cells were homogenized with 0.4 N perchloric acid. The homogenates were centrifuged at 10,000 × g for 10 min, and the resultant supernatant was neutralized with 10% K 2 CO 3 solution. The ATP content was determined by high-performance liquid chromatography (HPLC) with spectrophotometric detection, according to the method described previously (10) . In brief, a portion of the neutralized supernatant was injected directly into the HPLC system. The system was composed of a pump (LC-6A; Shimadzu, Kyoto), a reversed-phase separation column (250 × 4.6 mm, Wakosil II 5C18 RS; Wako Pure Chemicals), an ultraviolet spectrophotomonitor (SPD-6A, Shimadzu) and a chromatocorder (Chromatopac C-R4A, Shimadzu). The mobile phase was 0.2 M ammonium dihydrogen phosphate (pH 4.1) containing 1% acetonitrile and tetrabutylammonium hydrogen sulfate (40 mg / L) (Wako Pure Chemicals), as an ion-pair agent. The flow rate was 1.0 mL / min. ATP was detected at an O.D. of 260 nm. The cell pellet was dissolved in 1 N NaOH, and protein content was determined by the method of Bradford (11), using bovine serum albumin as the standard.
Propidium iodine (PI) stain
To determine cellular membrane injury, PI stain was performed. PI was purchased from Medical & Biological Lab. Co., Ltd. (Nagoya). The cells were cultured on 8-chamber slides (IWAKI) and then incubated with 1.5 mM GM for 24 h. After washing, cells were incubated with 100 µL binding buffer containing 2 µL PI for 15 min in the dark. The stained cells (red) were visualized using a fluorescence microscope (BX51).
Measurement of PI uptake
The cells were grown in 96-well plates (Nalge Nunc International) until confluence, and then they were incubated with 100 µL binding buffer containing 2 µL PI. As soon as GM was added, the fluorescence activity was detected at 3-min intervals with excitation and emission wavelengths of 490 and 615 nm using a fluorescence microplate reader (MTP-650FA; Corona Electric Co., Ltd., Ibaragi).
Statistical analyses
Data were expressed as the mean ± S.E.M. The data were analyzed by one-way analysis of variance (ANOVA) followed by Dunnett's test for multiple comparisons and evaluated for statistical significance using two-way (with repeated measures) ANOVA (factors: group and time) followed by Student's t-test to determine differences between the groups. Statistical significance was defined as P<0.05.
Results
Effects of GM, NM and mesilate on cell viability
As shown in Fig. 1A , GM (0.5 to 5 mM) caused a significant decrease of cell viability in a dose-dependent manner at 24 h [F(8,18) = 108.75, P<0.0001 by one-way ANOVA; P<0.01 by Dunnett's test]. Also, GM (1.5 mM) decreased the cell viability time-dependently, and it was significantly decreased at 6, 12, and 24 h [F(5,18) = 12.05, P<0.0001 by one-way ANOVA; 6 and 12 h: P<0.05; 24 h: P<0.01 by Dunnett's test] (Fig. 1B) . On the other hand, NM (0.1 -0.5 mM) or mesilate (0.5 -2.0 mM) had no effect on the viability of endothelial cells (Fig. 2) . The effect of a higher dose (0.75 mM) of NM could not be examined because it did not dissolve.
Morphological changes of PAECs induced by GM
Morphologic changes characterized by swelling and roundness were observed in cells treated with GM (1.5 mM) for 24 h (Fig. 3) . GM increased the number of trypan blue-stained cells. On the other hand, NM-treated and mesilate-treated cells showed little morphologic change or increase in trypan blue staining.
Apoptosis-independent mechanism in GM-induced cell injury
The pancaspase inhibitor zVAD-fmk or the caspase-3 inhibitor zDEVD-fmk had no effect on GM-induced endothelial cell injury (Fig. 4A) .
As shown in Fig. 4B , TUNEL-positive cells were observed 24 h after treatment with actinomycin D, a positive control for apoptosis (12) , whilst TUNEL- positive cells were not seen in cells treated with GM (1.5 mM) or NM (0.2 mM). In addition, DNA fragmentation was not detected in GM-treated cells in DNA electrophoresis (Fig. 4C) .
Effects of Ca
2+ chelators, a NO synthase inhibitor and antioxidants on GM-induced decrease of cell viability EGTA, an extracellular Ca 2+ chelator, and BAPTA-AM, an intracellular Ca 2+ chelator, had no effect on the GM-induced decrease of cell viability (Fig. 5A) . L-NAME, a NO synthase inhibitor, also did not have any effect on the GM-induced cell injury (Fig. 5B) . Furthermore, antioxidants (ascorbic acid and α-tocopherol) or radical scavengers (DMTU, mannitol, and edarabon) had no effect on the GM-induced cell injury (Fig. 6) .
Effect of GM on cellular ATP content
As shown in Fig. 7 , the ATP content in endothelial cells was significantly decreased after exposure to 2 mM 
Effect of GM on PI uptake
As shown in Fig. 8 , GM gradually increased PI- stained cells. PI-stained cells were observed at 1 h after exposure to GM. Moreover, cellular uptake of PI increased immediately after addition of GM (Fig. 9) . Repeated measurements of ANOVA revealed a significant group difference [F(1,16) = 13.04, P<0.01], a significant effect of time [F(10,160) = 2.36, P<0.05], and a significant group × time interaction [F(10,160) = 4.39, P<0.0001]. Post hoc analysis revealed that cellular uptake of PI was higher in GM-treated cells than in control cells (3, 6, 9 , and 24 min: P<0.05; 12, 15, 18, 21, 27, and 30 min: P<0.01 by Student's t-test, respectively). Fig. 8 . Incidence of membrane injury induced by GM in cultured PAECs. Cells were exposed to 2.0 mM GM, and membrane injury was assessed by cellular uptake of propidium iodide (PI). Red cells: PI-stained necrotic cells. Magnification, ×100; scale bar = 100 µm. Fig. 7 . Effect of GM on cellular ATP content in cultured PAECs. Cells were exposed to 0.5 -2.0 mM GM for 24 h, and then cellular ATP content was determined by HPLC with spectrophotometric detection. Data are each expressed as the mean ± S.E.M. (n = 3). **P<0.01 vs control. Fig. 9 . Effect of GM on cellular uptake of propidium iodide (PI). Cells were pre-incubated with PI and then treated with 2.0 mM GM. The fluorescence activity was detected at 3-min intervals with excitation and emission wavelengths of 490 and 615 nm using a fluorescence microplate reader. Data are each expressed as the mean ± S.E.M. (n = 9). *P<0.05, **P<0.01 vs control.
Discussion
In this study, GM (0.5 -5.0 mM) significantly reduced endothelial cell viability. GM (1.5 mM) also increased the number of trypan blue-stained cells considered to be non-viable cells. Moreover, swelling and roundness were observed in cells treated with GM at the same dose. In clinical studies, intravenous infusion of GM at 0.2% (this concentration corresponds to 4.78 mM) or more often causes serious vascular injury (4) . The present results suggest that endothelial cell injury contributes to the vascular adverse effects of GM.
On the other hand, NM (0.1 -0.5 mM) had no effect on cell viability and did not increase the number of trypan blue-stained cells. NM inhibits proteases about 100 times more strongly than GM (6, 7, 13) . This reflects the clinical findings that NM hardly causes vascular injury and suggests that the GM-induced vascular injury is not dependent on inhibition of trypsin-like serine proteases. We also confirmed that methane sulfonate (mesilate, 0.5 -2.0 mM) alone did not decrease the cell viability and did not increase the trypan blue-stained cells.
Apoptosis is characterized by cell shrinkage, chromatin condensation, phosphatidylserine externalization, and nuclear fragmentation (14) . The nuclear damage is considered to be mediated by activation of cysteine protease caspases (15, 16) . In contrast, necrosis can be recognized by the swelling of cells and organelles, followed by loss of cell membrane function, cellular disintegration, and the release of cytoplasmic material (17, 18) . In the present study, neither zVAD-fmk, a pancaspase inhibitor, nor zDEVD-fmk, a caspase-3 inhibitor, affected the GM (1.5 mM)-induced decrease of cell viability. Moreover, apoptosis or DNA fragmentation was not observed in the GM (1.5 mM)-treated cells, indicating that the GM-induced cell injury is independent of apoptosis. On the other hand, we found that GM (1.5 mM) caused cell swelling and roundness and increased the number of trypan blue-stained cells, suggesting that GM disrupted the cell membrane function, leading to the necrosis.
There are many reports that oxidative stress, NO pathway, and / or Ca 2+ overloading play an important role in the endothelial cell injury (8, 19 -22) . However, we found that Ca 2+ chelators, a NO synthase inhibitor, antioxidants and radical scavengers had no effect on the GM-induced cell injury. These results suggest that the GM-induced cell injury is not dependent on oxidative stress, NO pathway, and Ca 2+ overloading. The main feature of necrotic cell death is ATP depletion and a rapid loss of cell membrane function (17, 23 -26) . In the present study, GM significantly decreased cellular ATP content at 2.0 mM, but not at 0.5 or 1.0 mM, which decreased the cell viability. These results suggest that ATP is not involved in the mechanism of GM-induced cell injury. After membrane injury, the cellular membrane permeability is increased, and a collapse of the transmembrane gradient of ions such as Na + , K + , and Ca 2+ is induced. In the beginning of membrane injury, the ionic pumps such as Na + -K + -ATPase and Ca
2+
-ATPase may be activated excessively to correct the ionic gradient. Furthermore, GM reduces the mitochondria activity in the WST-8 assay. Therefore, the decrease of cellular ATP content may be due to the excessive activation of ATPase or the reduction of generation of ATP in the mitochondria.
The loss of cell membrane function is detected by cellular uptake of PI. PI is red-fluorescent and binds to nucleic acids with a concomitant increase in dye fluorescence. Since PI does not permeate normal cellular membranes, it is commonly used to detect disruption of membrane function (27, 28) . In the present study, GM induced the cellular uptake of PI. Surprisingly, this PI uptake was observed immediately after treatment with GM. These findings suggest that GM begins to injure the cell membrane immediately after treatment, and this induces the increase in membrane permeability or the failure of the ionic pumps of the cell membrane, resulting in cellular swelling, mitochondrial dysfunction, and finally necrotic cell death. On the other hand, it has been reported that hypoxia or some toxic agents cause necrotic cell death by activating membrane pores (29 -31) . The activation of these pores induces an increase in membrane permeability and bleb formation in the cell membrane, ultimately causing leakage of intracellular proteins and necrotic cell death (32) . These pores are experimentally determined by the uptake of ethidium-and propidium-based vital dyes. Similar mechanisms are likely to be involved in the GM-induced cell injury.
In conclusion, the present results showed that GM induced cell injury in PAECs independently of its inhibitory action on proteases. GM also increased the number of trypan blue-stained cells with concomitant swelling and roundness and decreased the cellular ATP content and rapidly induced the cellular uptake of PI. On the other hand, caspase inhibitors did not affect the GM-induced decrease in cell viability. Furthermore, the apoptotic cells and DNA fragmentation were not seen in GM-treated cells. In addition, Ca 2+ chelators, a NO synthase inhibitor, antioxidants, and radical scavengers had no effect on the GM-induced cell injury. These findings suggest that GM directly disrupts the plasma membrane of endothelial cells and induces necrotic cell death.
